ABSTRACT. Glycine betaine is an important quaternary ammonium compound that is produced in response to several abiotic stresses in many organisms. The synthesis of glycine betaine requires the catalysis of betaine aldehyde dehydrogenase (BADH), which can convert betaine aldehyde into glycine betaine in plants, especially in halotolerant plants. In this study, we isolated the full-length cDNA of BADH from Suaeda corniculata (ScBADH) using reverse transcriptase-polymerase chain reaction and rapid amplification of cDNA ends. Next, we analyzed the expression profile of ScBADH using real-time PCR. The results showed that ScBADH expression was induced in the roots, stems, and leaves of S. corniculata seedlings under salt and drought stress. Next, ScBADH was overexpressed in Arabidopsis, resulting in the transgenic plants exhibiting enhanced tolerance over wild-type plants under salt and drought stress. We then analyzed the levels of glycine betaine and proline, as well as superoxide dismutase (SOD) activity, during salt stress in WT and transgenic Arabidopsis. The results indicated that overexpression of ScBADH produced more glycine betaine and proline, and increased SOD activity under NaCl treatment. Our results suggest that ScBADH might be a positive regulator in plants during the response to NaCl.
INTRODUCTION
Plants are often exposed to various environmental stresses, such as drought, salinity, and low temperatures. For many important crops, salinity is a major factor that limits plants' geographical distribution and is responsible for significant reductions in yield and quality (Munns and Tester, 2008) . Plants have developed a number of protective mechanisms to maintain normal cellular metabolism and prevent damage to cellular components (Wood et al., 1996) . One common metabolic adaptation to salinity stress is the accumulation of osmoprotectants. One of these osmoprotectants, glycine betaine, is a bipolar quaternary ammonium compound, which accumulates in many plant species when subjected to various abiotic stresses (Rhodes and Hanson, 1993; Fan et al., 2012) . Glycine betaine protects the plant from salt stress by maintaining the osmotic balance under various abiotic stresses (Wani et al., 2013) and by stabilizing the quaternary structure of complex proteins (Bernard et al., 1988) . In photosynthetic systems, glycine betaine stabilizes the oxygen-evolving photosystem II complex and Rubisco at elevated salt concentrations (Zhou et al., 2008; Fan et al., 2012) .
Betaine aldehyde dehydrogenase (BADH) catalyzes the final step in the synthesis of the osmoprotectant glycine betaine from choline (Nakamura et al., 1997; He et al., 2004) . Many bacteria, plants, and animals accumulate glycine betaine under drought or salt stresses (Arakawa et al., 1990; Dong et al., 2006; Metris et al., 2014) . The BADH gene has been cloned from Spinacia oleracea (Weretilnyk and Hanson, 1990) , Atriplex hortensis (Xiao et al., 1995) , Beta vulgaris (McCue and Hanson, 1992) , Sorghum bicolor (Wood et al., 1996) , Carthamus tinctorius (Wang et al., 2014) , and Avicennia marina, and its functions are well characterized (Hibino et al., 2001 ). However, many researchers have demonstrated that some plant species, such as Arabidopsis, tobacco, tomato, and rice, do not accumulate glycine betaine (Huang et al., 2000; Sakamoto and Murata, 2000; Wani et al., 2013) . This has generated interest in the metabolic engineering of the glycine betaine biosynthesis pathway as an approach to enhance salt resistance in salt-sensitive species . To date, several genes that catalyze the synthesis of glycine betaine, such as CMO from spinach, CodA from Arthrobacter globiformis, BADH from spinach or sugar beet, and BetA and BetB from Escherichia coli, have been introduced into different plants (Shirasawa et al., 2006; Park et al., 2007) . The transgenic plants produced less glycine betaine but, in some cases, showed significantly enhanced tolerance to salt or other stresses (Nuccio et al., 1999) . In a previous investigation, Li et al. (2000) introduced the BADH gene from Atriplex hortensis into watercress. The transgenic plants grew normally on media containing 100 mM NaCl and survived on media containing 160 mM NaCl.
Suaeda corniculata, a member of the Chenopodiaceae, is native to the saline soil of northeastern China and is an important halophyte in China. Most plants will die quickly in the saline soil, but S. corniculata can survive, even in ~pH 11 saline soil. To determine the mechanism of resistance in S. corniculata, we cloned and characterized a novel BADH gene that could regulate abiotic stresses in other plants. Our results indicated that the expression of ScBADH could be induced by salt and PEG (Polyethylene glycol) treatments. The transgenic Arabidopsis also had improved salt and drought stress tolerances. Moreover, glycine betaine and proline, as well as SOD (Superoxide dismutase) activity, were maintained at higher levels in transgenic Arabidopsis than in wild-type (WT) plants under NaCl treatments. These results imply that ScBADH may play a significant role in plant salt stress.
MATERIAL AND METHODS

Plant material and treatments
Seeds of S. corniculata were collected from a saline soil area located in Baicheng, northeastern China. The seeds were sterilized and germinated on MS (Murashige and Skoog) medium supplemented with 3% sucrose (w/v) and 0.7% agar (w/v) in a growth chamber for 8-10 days at 22°C. Seedlings were grown in pots filled with a 5:4:1 mixture of peat/forest soil/ vermiculite (v/v/v) and perlite in a greenhouse at 24/16°C (day/night) with a 16-h light/8-h dark photoperiod and 60% relative humidity. Six-week-old plants of S. corniculata were treated with half-strength MS salt solution containing either 100 mM ABA, 300 mM NaCl (salt stress treatment), or 10% PEG8000 (w/v; drought stress treatment). The roots and leaves of these plants were collected at 0, 6, 12, 24, and 48 h after the initiation of the stress treatment. Plant material was placed directly into liquid nitrogen and stored at -80°C until use.
Isolation of ScBADH from S. corniculata by RT-PCR, and 5' and 3' RACE
To isolate the BADH gene from S. corniculata, degenerate primers were designed based on the sequence of the conserved domain. The primer sequences were as follows: forward primer P1F: 5'-NTGYMGNYTNGGNCCNGTNA-3' and reverse primer P1R: 5'-CNCCNARYTCNCKNCCRAAN-3', where R denotes A or G;Y denotes C or T; K denotes G or T; B denotes C, G or T; H denotes A, C or T; V denotes A, C or G; and N denotes A, T, C or G. Total RNA was extracted from the leaves of S. corniculata treated with 200 mM NaCl for 12 h using TRIzol reagent (Invitrogen, Beijing, China), and the RNA extracts were treated with RNase-free DNase according to the manufacturer protocol (Invitrogen). Final RNA (1 mg) was used for first-strand cDNA synthesis and PCR according to the manufacturer protocol (Invitrogen). The reverse-transcription products were amplified by PCR under the following thermal cycle conditions: 94°C for 8 min, followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 60 s, and 72°C for 8 min. The PCR products were cloned into the pMD18-T vector (TaKaRa) and sequenced. Specific primers were then designed for rapid amplification of cDNA ends (RACE), based on the sequence information of the partial cDNA fragment, to obtain the full-length sequence of the gene. For 5'-RACE, two antisense gene-specific primers were designed (P2F, 5'-ATGTCGATCCCTATACCTTC-3' and P2R, 5'-GTCATACTGTCCCTTGCTAA-3'). Primers for 3'-RACE were P3F, 5'-TACTGGAAGCAAGGTTATGG-3' and P3R, 5'-TCGTCCTGAGCATCTGAAGA-3'. The RACE reactions were performed according to the manufacturer protocol (Invitrogen), and the RACE products were cloned and sequenced. A full-length cDNA sequence was obtained by combining the 5'-RACE, the partial cDNA, and the 3'-RACE fragments. The full-length cDNA was amplified by PCR using the primers P4F (5'-ATGTCGATCCCTATACCTTC-3') and P4R (5'-TTAAGGAGACTTGTACCACC-3') under the following thermal cycler conditions: 94°C for 8 min, followed by 35 cycles of 94°C for 45 s, 55°C for 45 s, 72°C for 90 s, and 72°C for 8 min. The resulting PCR products were cloned into the pMD18-T vector, and independently amplified clones were sequenced. These sequences were assembled to provide the full-length ScBADH cDNA. Homology analysis of the deduced protein ScBADH was performed, and phylogenetic analysis by the Neighbor-Joining method was undertaken using ClustalW and the MEGA 4.1 software.
Quantitative real-time PCR analysis
qRT-PCR was used to determine the level of ScBADH expression in seedlings of S. corniculata. An aliquot (1 mg) of total RNA was reverse-transcribed using 1 mL oligo (dT)18 primer (50 uM), 1.0 mL dNTPs (10 mM), 4 mL 5X M-MLV buffer, 1 mL RNase inhibitor (40 U/mL), and 1 mL murine reverse-transcriptase M-MLV (Promega; 200 U/ mL) according to the manufacturer protocol. The PCR was performed in a total volume of 25 mL with 30 cycles. The primers used were designed with Primer Premier 5.0 and Oligo 6 programs to allow for the amplification of ~150 bp products. The following gene-specific primers were used: P5F (5'-CCTTGGAACTTGGAGGTAAA-3') and P5R (5'-TTCCGTTCGGCAGATGTTGT-3'). Actin-F (5'-GGAGAGAACCCATCAAACG-3') and Actin-R (5'-TCCAGAAGTAGCAGCCCA A-3') were used to amplify the actin gene as an internal control.
qRT-PCR was performed on a Mx3000P instrument (Stratagene), with SYBR-Green detection (Quant RT-PCR Kit, Tiangen Biotechnology), according to the manufacturer instructions. Thermal cycler conditions were: 2 min at 95°C followed by 40 cycles of 15 s at 95°C, 15 s at 57°C, and 30 s at 72°C. The cDNA was analyzed three times, after which the average threshold cycle (Ct) was calculated for each sample. Standard curves were established for all investigated genes using a series of amplicon dilutions. The relative expression levels were calculated as 2
.
Construction of plant expression vectors and Arabidopsis transformation
The complete open reading frame (ORF) of ScBADH was amplified with the primers P6F (5'-AAAAAGCAGGCTATGAGTGGCATTCTTCTTC-3') and P6R (5'-AGAAAGCTGGGTTTAGAAGATCTTCAAGAGCA-3') under the following thermal cycler conditions: 94°C for 8 min, followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, 72°C for 80 s, and 72°C for 8 min. The PCR products were purified and cloned into the pDONR221 entry vector via the BP reaction (The recombination reaction between an attB-flanked DNA fragment and an attP-containing donor vector, Gateway ® Technology, Invitrogen). For ScBADH cDNAs, pENTRY clones from individual bacterial colonies were used subsequently in LR reactions (The recombination reaction between an attL-containing entry clone and an attR-containing destination vector, Gateway ® Technology, Invitrogen) with the expression vector pCB35sR1R2 to generate pCB35s-ScBADH (Sambrook et al., 1989) . The pCB35s-ScBADH plasmid was introduced into Agrobacterium tumefaciens EHA105. The plant overexpression vector of ScBADH, pCB35s-ScBADH, was then introduced into Arabidopsis thaliana (ecotype Col-0) by the floral-dip method (Clough and Bent, 1998) .
Analysis of stress tolerance of transgenic plants
For the phenotype assay, seeds of WT and transgenic Arabidopsis (L25 and L27) were germinated on MS agar medium (Murashige and Skoog, 1962 ) under a 16-h/8-h light/ dark photoperiod at 22°C with 50% relative humidity. After 6 d, young seedlings were transplanted to fresh MS agar medium supplemented with, 0 mM NaCl, 200 mM NaCl, 1.0 mM ABA or 10% PEG 8000. The seedlings were maintained at 22°C, and their growth was monitored for 15 d. The experiment was repeated three times. Photographs were taken of 20-day-old plants.
Measurements of proline content and SOD activity
Ten-day-old seedlings of WT and transgenic Arabidopsis were transplanted to fresh MS agar media supplemented with one of four salt solutions (0, 100, 150, and 200 mM NaCl) for 15 days. Proline was extracted from 0.1 g freeze-dried seedlings and spectrophotometrically determined using the acid ninhydrin method described by Hanson et al. (1979) . To analyze SOD activity, fine powder of seedlings was resuspended in 50 mM potassium phosphate (pH 7.8) containing 0.1 mM EDTA and 1% PVP, and then centrifuged at 12,000 g for 15 min at 4°C. For the assay, 3 mL of the reaction mixture containing 50 mM potassium phosphate (pH 7.8). 0.1 mM EDTA, 1% PVP, 13 mM methionine, 75 mM nitroblue tetrazolium (NBT), and enzyme extract was added to 2 mM riboflavin. One unit of SOD activity was defined as the amount of enzyme required to inhibit 50% NBT photoreduction. The mixtures were illuminated in glass test tubes for 10 min, and the absorbance at 560 nm was quickly determined with a spectrophotometer. The SOD activity was expressed as U/g of seedlings.
Glycine betaine analysis
One-week-old WT and transgenic Arabidopsis seedlings were transplanted on MS agar medium containing 200 mM NaCl. Plant materials were collected and ground after 0, 3, 6, 9, and 12 days. The glycine betaine content was determined following the procedure described by Grieve and Grattan (1983) with minor modifications. Dried and finely powdered plant materials (0.3 g) were shaken with 20 mL of deionized water for 24 h at 25°C. The extracts were diluted 1:1 with 2 N H 2 SO 4 . Aliquots of 0.5 mL were placed in test tubes and cooled in ice water for 1 h before a cold KI-I 2 reagent (200 mL) was added. The tubes were stored at 0-4°C for 16 h and then centrifuged at 12,000 g for 15 min at 4°C. The supernatant was aspirated. The periodate crystals were dissolved in 5 mL 1,2-dichloroethane. After 2.5 h, the absorbance was read at 365 nm with a UV-visible spectrophotometer. Reference standards of glycine betaine (20-200 g/mL) were used for calibration and to determine the glycine betaine concentrations in samples.
Statistical analysis
Each experiment was performed in triplicate (N = 5 for expression analyses and N = 4 for physiological analyses). Statistical significance analyses were performed using a univariate analysis of variance (Duncan's test, P < 0.05; SPSS for windows, version 13.0).
RESULTS
Cloning of ScBADH from S. corniculata
The full-length cDNA of ScBADH was obtained by RT-PCR and RACE. The ScBADH cDNA contained a 1500-bp ORF encoding a protein of 500 amino acids with a theoretical molecular mass of 54.7 kDa. Phylogenetic analysis ( Figure 1A) showed that ScBADH formed a clade with the most closely related plant BADH homologs. The highest similarity of 94% was found with BADH from Suaeda liaotungensis, a salt-tolerant grass. ScBADH also showed high similarity to BADH from Amaranthus hypochondriacus (93.6%), Halostachys caspica (91%), B. vulgaris (89%), and Gossypium hirsutum (87%). The functional domains of the amino acid sequence encoded by ScBADH were analyzed ( Figure 1B ) and found to include the conservative region of the catalytic domain, which is conserved in other BADHs. These functional domains play important roles in the plant responses to abiotic stresses.
ScBADH transcript analysis in S. corniculata
To characterize the function of ScBADH, we investigated the pattern of ScBADH expression under drought (10% PEG8000), salt (300 mM NaCl), and abscisic acid (ABA) (100 mM) treatments using quantitative real-time PCR. The results indicated that ScBADH gene expression was induced in roots, stems, and leaves by ABA, drought, and salt treatments (Figure 2) . Accumulation of the ScBADH transcript in roots was maximal at 24 h under salt and drought stress, and then decreased slowly at 48 h. However, during ABA treatment, peak ScBADH expression was observed at 12 h. In stems, the ScBADH transcript level was maximal at 24 h and then decreased at 48 h during salt treatment. Under ABA and drought treatments, peak ScBADH expression was observed at 12 h. In leaves, accumulation of the ScBADH transcript followed the same time course observed in the stems, indicating that ScBADH expression in roots under salt stress differs from that in stems and leaves.
Overexpression of ScBADH increases salt and drought tolerance in transgenic Arabidopsis
To further characterize the function of ScBADH, we obtained several transgenic Arabidopsis lines that overexpress ScBADH, driven by the CaMV 35S promoter. The level of ScBADH expression in the transgenic Arabidopsis lines was analyzed by relative quantitative RT-PCR. Lines 25 (L25) and 27 (L27) showed slightly higher levels of ScBADH transcripts; therefore, they were used in the following study (data not presented). Seeds of both WT and transgenic lines were germinated on MS agar medium for 6 days, and the seedlings were then transferred to MS medium containing 0 mM NaCl, 200 mM NaCl, 1.0 mM ABA, or 10% PEG8000. The results showed that the WT seedlings withered and the leaves became chlorotic, whereas the transgenic seedlings were only slightly affected and could survive under NaCl and PEG treatments (Figure 3) . The transgenic and WT plants showed no significant differences during ABA treatment (Figure 3) . These results suggest that the overexpression of ScBADH in Arabidopsis increases tolerance to salt and drought stress, especially salt stress. Figure 2 . Transcript patterns of the Suaeda corniculata betaine aldehyde dehydrogenase (ScBADH) gene in seedlings in response to different stresses. A. Transcript level of ScBADH in the roots under salt (300 mM NaCl), dehydration (30% PEG), and abscisic acid (ABA; 100 mM) treatment for 0, 6, 12, and 24 h. B. Transcript level of ScBADH in the stems under salt (300 mM NaCl), dehydration (30% PEG), and ABA (100 mM) treatment for 0, 6, 12, and 24 h. C. Transcript level of ScBADH in the leaves under salt (300 mM NaCl), dehydration (30% PEG), and ABA (100 mM) treatment for 0, 6, 12, and 24 h. Values are reported as means ± SD (N = 5).
Transgenic plants exhibit higher amounts of proline and glycine betaine under salt stress
To determine why transgenic lines showed enhanced tolerance under salt stress, we analyzed the levels of glycine betaine and proline, as well as SOD activity. First, we analyzed proline levels and SOD activity under different salt concentrations. Under non-salt stressed conditions, there was minimal difference between the WT and transgenic plants ( Figure 4A and B). The proline levels increased with increasing salt concentrations; however, proline levels were higher in L25 and L27 seedlings than in WT seedlings ( Figure 4A and B) . Although SOD activity decreased in WT and transgenic plants during salt stress, SOD activity in L25 and L27 plants remained higher than in WT plants ( Figure 4A and B) . Based on the changes in proline levels and SOD activity at various salt concentrations, we selected 200 mM NaCl for subsequent glycine betaine analysis. During treatment with NaCl, the glycine betaine content initially increased with time, but then declined slowly after 6 days. The level of glycine betaine was higher in transgenic Arabidopsis seedlings than in WT seedlings ( Figure 4C ). These data indicate that ScBADH is involved in salt stress and that it may play a positive role in salt tolerance. 
DISCUSSION
BADH proteins have been identified in microorganisms and in mammalian liver cells, where they act as osmoregulation agents and aldehyde dehydrogenase E3 isozymes. BADH converts betaine aldehyde into glycine betaine in some halotolerant plants. BADH genes in plants may form a small multi-gene family, such as in barley, which has two or three BADH genes (Liu et al., 2010) . Two BADH genes were cloned from Sorghum vulgare, A. marina, and Atriplex triangularis (Wood et al., 1996; Hibino et al., 2001; He et al., 2004) . However, the expression profiles and subcellular location of BADH family members differ. In this study, a novel BADH encoding gene, ScBADH, was isolated from the halophyte S. corniculata. The pattern of ScBADH expression was analyzed in roots, stems, and leaves under various environmental stresses (Figure 2) . The results showed that ScBADH transcripts could be induced by ABA, PEG, and especially, NaCl treatments. These results are similar to those obtained in rice but different to those obtained in Arabidopsis (Niu et al., 2007; Missihoun et al., 2011) , indicating that ScBADH may be involved in signal transduction in response to salt in S. corniculata. Missihoun et al. (2011) showed that young and adult plants lacking ALDH10A8 transcripts were drought and salt sensitive. Similar results were found in sweet potato, in which those expressing spinach BADH had improved stress tolerance (Fan et al., 2012) . In our study, we analyzed transgenic Arabidopsis plants expressing ScBADH under NaCl, PEG, and ABA treatments. There were no significant differences between the transgenic and WT plants under ABA treatment. ABA plays a central role in the control of responses to stresses, such as salinity (Pons et al., 2013) . However, our results and those of Meng et al. (2001) indicate that transgenic plants overexpressing BADH exhibit enhanced tolerance to salt and drought treatments, but not to ABA. Furthermore, transgenic Arabidopsis exhibited enhanced tolerance during NaCl treatment in this study. Interestingly, transgenic plants overexpressing ScVP (Encoding a vacuolar inorganic pyrophosphatase from the halophyte) showed similar results, such that a significant phenotype appeared under higher salt concentrations (Liu et al., 2011) . These findings imply that ScBADH may acts as a positive regulator of salt resistance in plants. Moreover, non-transgenic plants exhibited minimal growth on MS medium containing 10% PEG8000, whereas transgenic plants grew normally (Figure 3) . These results indicate that ScBADH might regulate plant responses to salt and drought stress through an ABAindependent pathway.
In recent reports, glycine betaine accumulation in transgenic sweet potatoes following heterologous overexpression of the SoBADH gene dramatically improved the tolerance to salt, cold, and oxidative stresses (Fan et al., 2012) . Our data are consistent with this phenotype during salt stress. This raised the question of that why higher BADH level could improve plant salt, cold and oxidative stresses). The accumulation of proline and increased activity of antioxidants, such as SOD, APX (Ascorbate peroxidase), and CAT (Catalase), are known to play important roles in the induction of salt tolerance (Abraham and Dhar, 2010; Fan et al., 2012) . Our data showed that proline levels increased during salt stress, especially in transgenic plants ( Figure 4A ), which is consistent with findings in transgenic plants overexpressing EsMcsu1 from Eutrema salsugineum (Zhou et al., 2015) . SOD activity declined after NaCl treatment, but to a lesser extent in transgenic plants than in WT plants ( Figure 4B ). Our data also revealed that glycine betaine accumulation is induced by salt treatment. The protective role of betaine may lie in its strong stabilizing effects on the structure and function of the oxygenevolving PSII complex (Ohnishi and Murata, 2006; Zhou et al., 2008) . This is consistent with transgenic plants containing high betaine levels having enhanced tolerance to abiotic stress.
In conclusion, we cloned a novel BADH gene from S. corniculata and found that its expression could be induced by salt and drought stress. Transgenic Arabidopsis overexpressing the ScBADH gene had enhanced salt tolerance under NaCl treatment. Furthermore, the levels of proline and glycine betaine, as well as SOD activity, increased in transgenic plants during salt stress. These results demonstrate that ScBADH might be a positive regulator in plants during salt treatment.
